Proteomic techniques were used to identify cardiac proteins from whole heart homogenate and heart mitochondria of Fisher 344/Brown Norway F1 rats, which suffer protein nitration as a consequence of biological aging. Soluble proteins from young (5 mo old) and old (26 mo old) animals were separated by one-and two-dimensional gel electrophoresis. One-and two-dimensional Western blots with an anti-nitrotyrosine antibody show an age-related increase in the immunoresponse of a few specific proteins, which were identified by nanoelectrospray ionization-tandem mass spectrometry (NSI-MS/MS). Complementary proteins were immunoprecipitated with an immobilized anti-nitrotyrosine antibody followed by NSI-MS/MS analysis. A total of 48 proteins were putatively identified. Among the identified proteins were ␣-enolase, ␣-aldolase, desmin, aconitate hydratase, methylmalonate semialdehyde dehydrogenase, 3-ketoacyl-CoA thiolase, acetyl-CoA acetyltransferase, GAPDH, malate dehydrogenase, creatine kinase, electron-transfer flavoprotein, manganese-superoxide dismutase, F1-ATPase, and the voltage-dependent anion channel. Some contaminating blood proteins including transferrin and fibrinogen ␤-chain precursor showed increased levels of nitration as well. MS/MS analysis located nitration at Y105 of the electron-transfer flavoprotein. Among the identified proteins, there are important enzymes responsible for energy production and metabolism as well as proteins involved in the structural integrity of the cells. Our results are consistent with agedependent increased oxidative stress and with free radical-dependent damage of proteins. Possibly the oxidative modifications of the identified proteins contribute to the age-dependent degeneration and functional decline of heart proteins.
heart; mitochondria THERE IS INCREASING EVIDENCE for an age-dependent decline of cardiac performance (45) . Several studies show this performance decline to be associated with oxidative stress (42, 43, 57, 58) , i.e., elevated levels of reactive oxygen species. For example, various biomarkers of oxidative stress such as oxo-2-deoxyguanosine, H 2 O 2 , 3-nitrotyrosine (3-NT), N-⑀-methyllysine, malondialaldehyde, and advanced glycation end products (14, 22, 47, 48, 55, 62) increase with the age in cardiac tissue. Moreover, dietary restriction significantly reduces the age-dependent accumulation of these oxidative markers in heart, which indicates the importance of oxidative stress in cardiac aging (46) .
A causal role of reactive oxygen species in the age-dependent decline of cardiac dysfunction can, however, only be defined if biological targets of these species are identified and the physiological impact of biomolecular modification is characterized. A first step to establish molecular mechanisms of age-dependent cardiac dysfunction is the proteomic identification of oxidatively modified proteins. Various studies have indicated the formation of reactive nitrogen species in acute myocardiac disorders such as heart failure (1, 28, 31) . These reactive nitrogen species are metabolites and/or oxidation products of nitrogen monoxide (NO) such as nitrogen dioxide (⅐NO 2 ) and peroxynitrite (ONOO Ϫ ). A hallmark of these species is the conversion of tyrosine to 3-NT (8) . This nitration of tyrosine can compromise the functional and/or structural integrity of target proteins (7) . In fact, significant tyrosine nitration was detected in the mitochondria of diabetic hearts (65, 64) , and a peroxynitrite-dependent inactivation of mitochondrial complex I proteins was established (40) . Moreover, the mechanisms and biological relevance of mitochondrial protein nitration were recently investigated (19) .
Therefore, in this report we have initiated studies toward the proteomic identification of cardiac proteins that undergo an age-dependent protein tyrosine nitration. We have selected Fisher 344/Brown Norway (BN) F1 rats as a well-defined model of aging (20) . These rats show an average life span of ϳ34 mo and are more resistant to oxidative stress than Fisher 344 rats (average life span, 26 -28 mo; Ref. 20) .
In general, the identification of protein targets for nitration is important for a large number of different tissues. For example, 3-NT levels correlate with survival rate for certain types of cancer (33) , and age represents an important risk factor for cancer (15) .
MATERIALS AND METHODS
General. All chemicals were obtained from Sigma (St. Louis, MO) unless stated otherwise. Two-dimensional gel electrophoresis (2-DE) supplies were purchased from Amersham Pharmacia (Piscataway, NJ). The anti-nitrotyrosine monoclonal antibodies were a generous gift of Dr. Beckman (Linus Pauling Institute; Corvallis, OR).
Sample preparation. The research protocol outlined in this report was approved by the University of Kansas Animal Care Facility. Young (5 mo old) and old (26 mo old) Fisher 344/BN F1 rats were housed under a 12:12-h light-dark cycle and were provided with water and food ad libitum. The animals were killed by decapitation, and the hearts were rapidly removed and immediately frozen at Ϫ80°C. Small aliquots of specimen were then ground, exposed to the lysis solution [that contained 8 M urea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 40 mM Tris ⅐ HCl, 0.5 mM PMSF, 10 g/ml each of leupeptin and aprotinin, and 20 mM DTT], homog-enized with an Ultra-Turrax T8 homogenizer (Fisher; Pittsburgh, PA), and briefly sonicated with a Fisher 550 sonic dismembrator. After 1-h incubation at room temperature with occasional shaking, the samples were spun down in an Eppendorf centrifuge for 15 min at 13,000 g. The middle layer, which contained the proteins, was carefully withdrawn, and a portion of it was saved for determination of protein concentration using Coomassie Plus assay reagent (Pierce; Rockford, IL).
For 2-DE, appropriate amounts of sample were diluted into the rehydration buffer (that contained 8 M urea, 2% CHAPS, 18 mM DTT, 2% of carrier ampholyte, and traces of bromophenol blue; Ref. 39) . This solution was used to rehydrate the isoelectric focusing (IEF) strips overnight at room temperature.
For one-dimensional gel electrophoresis (1-DE), a fraction of the samples was diluted to a concentration of 0.25 mg protein/ml with 2ϫ Tris-glycine SDS sample buffer (Invitrogen; Carlsbad, CA). After the addition of DTT (final concentration, 0.1 M), the samples were boiled for 5 min, cooled to room temperature, and then applied (5 g of protein/lane) to a 4 -20% acrylamide gel (1.5 mm thick; Invitrogen) for SDS-PAGE.
Isolation of mitochondria. Mitochondrial-enriched fractions were prepared according to well-established methods (64) . Briefly, heart tissue was homogenized on ice into an isolation buffer that contained 0.25 M sucrose, 10 mM phosphate, and 0.1 mM EDTA, pH 7.2, supplemented with 0.5 mM PMSF and protease inhibitor cocktail. The homogenate was then centrifuged at 800 g for 10 min. The supernatant was saved and centrifuged at 10,000 g for 20 min. A pellet containing the mitochondria was saved, washed several times with PBS, and used directly for 2-DE and immunoprecipitation experiments.
2-D gel electrophoresis. Isoelectric focusing was performed on a Multiphor II apparatus using specific voltage ramps (see figure legends) on an EPS 3501 XL power supply (Amersham Pharmacia). The temperature was maintained at 19°C by an RTE-111 cooling apparatus (Neslab; Portsmouth, NH). After completion of the focusing, the IEF strips were stored immediately at Ϫ80°C. Second-dimension SDS-PAGE was carried out on the same Multiphor II apparatus using Excel Gel 12-14% gels (Amersham Pharmacia). The strips were first equilibrated for 15 min in an aqueous solution that contained 50 mM Tris ⅐ HCl, 6 M urea, 30% (wt/wt) glycerol, 2% (wt/wt) SDS, and 65 mM DTT, pH 8.8, were then placed for an additional 15 min in a solution that contained 50 mM Tris, 6 M urea, 30% (wt/wt) glycerol, 2% SDS, and 135 mM iodoacetamide, pH 8.8. Mark 12 molecular mass standards (Invitrogen) and Precision Plus Protein standards (Bio-Rad; Hercules, CA) were processed along the IEF strips. The second-dimension SDS-PAGE was processed at 1,000 V and 20 mA for 30 min, and after removal of the IEF strip, the electrophoretic conditions were changed to 1,000 V and 40 mA for 165 min. During the process, the water circulation was maintained at 13°C.
1-DE and Western blot analyses.
The samples were separated on precast 4 -20% acrylamide gels using Tris-glycine running buffer (Invitrogen). Protein separation was conducted for 45 min at 100 V and 12°C, and 1-D gels were then submitted for transfer to a 0.45-m polyvinylidene difluoride (PVDF) membrane (Millipore; Billerica, MA) for 2 h at 412 mA and 4°C before Western blot analysis.
To specifically reduce 3-NT for control experiments, the membrane was exposed to a solution of 10 mM sodium dithionite (Na2S2O4) in 50 mM pyridine-acetate buffer (pH 5.0) for 2 h at room temperature immediately after the transfer (38) . After reduction, the membrane was extensively washed with water and then received three changes with 20 mM Tris ⅐ HCl, 150 mM NaCl, and 0.05% Tween 20, pH 7.5 (TBST).
The membranes were incubated overnight at 4°C in 5% dry milk-TBST. After blocking was completed, membranes were rinsed with copious amounts of TBST and exposed to 1A6 mouse anti-3-NT primary antibody solution (1:4,000 dilution in 1% BSA-TBST) for 1 h at room temperature. After incubation, the membranes were washed with TBST and subjected to anti-mouse IgG Fc-peroxide conjugate secondary antibody at 1:10,000 dilution in TBST (Pierce) for 1 h at room temperature. Spots were visualized using an ECL Plus detection kit (Amersham Pharmacia) according to the manufacturer's instructions, and images were captured on Kodak X-ray film using a Kodak developer/fixer kit.
Protein visualization. After completion of electrophoresis, the gels were submitted to either colloidal Coomassie blue or silver staining according to well-established protocols (27, 56) . Visualized gels were processed immediately or stored in the dry state in Saran wrap until further processing.
Electrophoretic transfer and Western blot analysis of 2-D gels. The gels were separated from their plastic support using the film remover provided by Amersham Pharmacia. Electrophoretic transfer was then carried out on a Nova Blot (Amersham Pharmacia) apparatus using a 0.45-m PVDF membrane (Millipore). The transfer was completed at 0.25 mA within 40 min using buffer that contained 40 mM glycine, 48 mM Tris ⅐ HCl, and 20% methanol, pH 8.5. The membrane was then submitted to the same Western blot analysis as described (see 1-DE and Western blot analyses).
In-gel digestion. Coomassie blue-stained gel spots of interest were excised from the gels, ground to small pieces, and extensively washed with two changes of a 1:1 (vol/vol) mixture of 200 mM NH4HCO3 and acetonitrile (MeCN) for 45 min at 37°C. Gel pieces were then shrunk in 50 l of MeCN for 10 min. After the removal of residual solvent, the pieces were rehydrated in 40 mM NH4HCO3, pH 7.8, that contained 0.5 g of modified trypsin (Promega; Madison, WI). Exhaustive digestion was carried out overnight at 37°C. Formic acid was added to yield a final content of 0.1% (vol/vol), and aliquots were removed and analyzed by mass spectrometry.
Nanoelectrospray ionization-tandem mass spectrometry. In-gel tryptic digests (2 l) were submitted to nanoelectrospray ionizationtandem mass spectrometry (NSI-MS/MS) analysis on a Thermo Electron LCQ Duo (San Jose, CA) equipped with a nanospray source (Thermo Electron). Separation of tryptic peptides was achieved online before MS/MS analysis on a BioBasic C-18 nanoflow column (300 Å , 10 cm ϫ 75 m, 15-m tip size; New Objective; Woburn, MA) with the following chromatographic conditions: mobile phase A, 0.1% formic acid in water; mobile phase B, 0.1% formic acid in MeCN; flow rate, 0.5 l/min (after 1:20 split) delivered by a MicroTech Scientific Ultra Plus II pump. The gradient profile used to increase mobile phase B linearly to the indicated fractions began with a 0-to 5-min gradient held at 10% of phase B that was increased to 60% of phase B within 40 min and continued at 60% for an additional 50 min. After each run, the column was allowed to reequilibrate to the initial conditions for 30 min. Instrumental conditions used for mass spectrometric analysis included the following: number of microscans, 3; length of microscans, 200 ms; capillary temperature, 150°C; spray voltage, 1.8 kV; capillary voltage, 35 V; and tube lens offset, Ϫ14 V. The mass spectrometer was tuned using the static nanospray setup with a 5 M solution of angiotensin I (mol wt, 1,296.5) infused by a picotip emitter (New Objective). Data acquisition was performed in the data-dependent fashion, i.e., an MS scan followed by three MS/MS scans of the three most intense peaks with the normalized collision energy for MS/MS set at 35% and the isolation width of 2.0 m/z. A minimal signal of 2 ϫ 10 6 was established for MS/MS acquisition. Additionally, the dynamic exclusion option was enabled and set with the following parameters: repeat count, 3; repeat duration, 5 min; exclusion list size, 25; exclusion duration, 5; and exclusion mass width, 3.
Protein identification was achieved with Thermo Electron BioWorks 3.1 software with the most current nonredundant National Center for Biotechnology Information protein database downloaded from ftp.ncbi.nlm.nih.gov/blast/db. Additionally, MS/MS spectra of interest have been manually examined for the presence of 3-NTcontaining peptides. For confirmation, some peptides of interest that were previously assigned to the proteins by BioWorks software were subjected to a BLAST search (www.ncbi.nlm.nih.gov/BLAST). In essence, both BioWorks and BLAST have yielded the same identification for the chosen peptides.
In vitro nitration of BSA. Commercially available BSA (Sigma) was nitrated with peroxynitrite to obtain a positive control for the Western blot analysis. Protein portions (1 mg/ml) were nitrated with 250 and 500 M of peroxynitrite in 200 mM sodium bicarbonate (pH 7.8). The synthesis of peroxynitrite and the determination of its concentration have been described elsewhere (67) . The nitrated standards (10 g of protein) were then submitted to 1-DE and Western blot analysis as described (see 1-DE and Western blot analyses).
Immunoprecipitation with anti-3-NT-antibody. Heart tissue or mitochondrial fraction (6 mg of protein) was suspended into isolation buffer that contained 50 mM Tris ⅐ HCl, 150 mM NaCl, 1 mM EDTA, and 0.1% Nonidet P-40, pH 7.4. The suspension was then briefly sonicated and centrifuged at 13,000 g for 10 min. The supernatant was collected, adjusted to a concentration of 6 mg/ml, and subjected to immunoprecipitation with an anti-3-NT monoclonal antibody conjugated to protein A agarose beads (40 l; Cayman; Ann Arbor, MI) for 2 h at room temperature with constant slow shaking. The beads were then collected by centrifugation and were exhaustively washed (five times) with the isolation buffer. Finally, samples were resuspended into Laemmli sample buffer and boiled for 5 min to dissociate the antigen-antibody complex. The solution (100 l) was then loaded onto the 1-mm-thick, 4 -20% SDS-PAGE gel (Invitrogen) and subjected to electrophoretic separation. The gels were visualized by colloidal Coomassie staining, and spots of interest were subjected to tryptic digestion and NSI-MS/MS analysis.
RESULTS

Protein nitration in heart tissue was compared between
Fisher 344/BN F1 rats of different ages. Figure 1A shows a representative comparison (total of three separate gels were processed using three different young and old animals) of ϳ20 g of soluble cardiac proteins from young (Y, 5 mo old) and old (O, 26 mo old) Fisher 344/BN F1 rats resolved on small, 7-cm, pH 3-10 IEF strips followed by SDS-PAGE and silver staining. For comparison, Fig. 1B shows respective Western blots with the anti-3-NT antibody (a representative example of three independent, reproducible runs). Although silver staining indicated similar levels of protein expression in both samples, the Western blot clearly demonstrated an age-dependent increase in 3-NT-containing proteins (Fig. 1B) .
Furthermore, to compare directly the levels of nitration between the young and old cardiac tissue, we performed Western blot analyses on two additional young and old animals together with a nitrated BSA standard using 1-DE (Fig. 2) . The gel was stained with colloidal Coomassie blue to show a similar amount of proteins in each sample ( Fig. 2A ; compare O1 and O2 with Y1 and Y2). In contrast, Western blot analysis clearly showed an age-dependent increase of nitrated proteins ( Fig. 2B ; compare O1 and O2 with Y1 and Y2) which supports the results obtained by 2-DE (see Fig. 1 ). The first two lines show BSA, which was exposed to peroxynitrite in vitro. The presence of additional higher and lower molecular mass bands in the Western blot corresponding to nitrated BSA standards in Fig. 2 can be attributed to protein cross-linking and/or oxidative fragmentation resulting from the exposure to peroxynitrite.
To eliminate any possible false-positive results associated with nonspecific binding of the anti-3-NT antibody, control experiments were performed in which the PVDF membrane was reduced with sodium dithionite before Western blot analysis (38) . Dithionite selectively reduces 3-NT to 3-aminotyrosine (3-AT), which is not recognized by the anti-3-NT antibody. Figure 3A shows a Western blot analysis of cardiac proteins from an old-rat specimen together with a nitrated BSA standard. Figure 3B shows the same membrane, except that it was exposed to dithionite reduction before incubation with anti-3-NT antibody. To avoid any potential artifacts due to improper electrophoretic transfer, only one gel was used for this particular experiment, and the PVDF membrane was cut into two pieces for the reduction experiment. During enhanced chemiluminescence signal acquisition, the signals from the membranes were transferred simultaneously to one piece of X-ray film.
In addition, the presence of 3-NT-containing peptides in the nitrated BSA standard was confirmed by NSI-MS/MS analysis. Nitration was specifically detected at positions Y286, Y423, Y357, and Y520. Figure 4 shows a representative tandem mass spectrum of the tryptic peptide Y 286 ICDNQDTISSK 297 that contains the 3-NT modification at position Y286. Together, the data presented in Figs. 3 and 4 confirm the specificity of the 1A6 antibody toward the 3-NT modification (71). A more detailed analysis of nitrated cardiac proteins was performed on 18-cm, pH 3-10 NL IEF strips with subsequent SDS-PAGE and Coomassie blue staining (Fig. 5A) and Western blot analysis with the anti-3-NT antibody (Fig. 5B) . The Western blot analysis was performed repeatedly (at least three times) on a separate gel after complete transfer of cardiac proteins onto the PVDF membrane. Contrary to results obtained from proteins stained with Coomassie blue (Fig. 5A) , the 3-NT immunoreactivity was mainly concentrated in the basic region of the gels, which supports the notion of selective nitration of proteins. To correlate the Coomassie blue-stained gels with the Western blot, the gel and the blot were superimposed according to molecular mass and isoelectric point (pI): a grid corresponding to the exact dimensions of the gels was used to position the gels and the Western blots. It is evident that some highly expressed proteins contain no or minimal 3-NT, whereas some proteins with low expression yielded large amounts of 3-NT-associated signal. For example, some areas, especially in the basic region around apparent mol mass 55-66 kDa and pI 7-8, show an intense anti-3-NT-antibody immunoresponse accompanied by minimal Coomassie staining on the gel. The reason for these differential yields of 3-NT may be 1) the selectivity of the nitrating species, 2) an increased turnover of some nitrated proteins (24) , and/or 3) the relative abundance of the target proteins that may, in part, control nitration yields (23, 29) . We performed a similar separation on 18-cm IEF strips using only the mitochondrial fraction of heart (see Fig. 5 , C and D for protein staining and Western blot analysis, respectively). Here we observed a similar anti-3-NT immunoreactivity pattern as with the crude heart homogenate (Fig. 5B) ; however, the resolution of the Western blot analysis is significantly better (Fig. 5D) .
The gel spots of interest were cut out and submitted to in-gel tryptic digestion, and the tryptic peptides were analyzed via NSI-MS/MS to identify the target proteins. Table 1 summarizes the proteins putatively identified in the 3-NT immunoreactive bands that were analyzed with the BioWorks 3.1 software, which uses the SEQUEST search algorithm (70) . All peptides identified by SEQUEST were also manually examined, and the following criteria were chosen for accepting peptides as valid: Xcorr Ͼ 1.9, 2.2, 3.75 for single-, double-, and triple-charged peptides, respectively; DelCN Ͼ 1; and Sp Ͼ 500 (16) . Two proteins were present in more than one gel spot: for spots 9 and 10, mass spectrometric analysis identified GAPDH (accession no., GenInfo no., 120707), and for spots 12 and 13, NSI-MS/MS analysis characterized the voltage-dependent anion channel (accession no. 6755963). The presence of one protein in more than one gel spot can be explained by different types of posttranslational modifications such as phosphorylation, acylation, etc., which can shift the apparent pI toward the acidic site. In addition, 2-DE often suffers from incomplete focusing in the basic region of the gels (39) .
We have attempted to identify the sites of protein nitration by screening for potential 3-NT-containing peptides. MS/MS analysis located 3-NT to position Y105 in the sequence Q 102 FSY(NO 2 )THIVAGASAFGK 117 derived from the mitochondrial electron transport flavoprotein (ETF; accession no., GenInfo no., 2506389). A representative spectrum is shown in Fig. 6 , which indicates characteristic fragment ions and their origins from the peptide sequence. We have detected numerous additional peptides that correspond to tyrosine-containing sequences of the proteins listed in Table 1 , which were ϩ45 amu higher in molecular mass relative to the native sequence. However, the MS/MS analysis of these peptides yielded ambiguous data; therefore, we did not present these results in this report. There are several possible reasons for our difficulties in obtaining satisfactory MS/MS data for 3-NT-containing peptides from tissue, as follows: 1) poor recovery of the more hydrophobic 3-NT-containing peptides from gel spots and/or the C-18 column; 2) generally low levels of protein nitration in vivo, especially in naturally aged, nonpathological tissues; and 3) insufficient amounts of sample for MS/MS sequencing. These limitations can be partially overcome by a more directed approach, i.e., one that involves the isolation of relatively large amounts (e.g., 50 g) of a target protein.
To confirm 3-NT modification of the proteins putatively identified in Table 1 , we performed immunoprecipitation experiments with the anti-3-NT antibody for heart homogenate and mitochondria (Fig. 7) . Proteins of interest were submitted to tryptic digestion and NSI-MS/MS analysis ( Table 2) . A subset of proteins identified by 2-DE and Western blotting was also identified by immunoprecipitation and subsequent 1-DE. These proteins are listed in Table 2 (top). A different set of proteins was only identified through immunoprecipitation with subsequent 1-DE. These proteins are listed in Table 2 (bottom). We successfully confirmed by immunoprecipitation the nitration of desmin, GAPDH, F1-ATPase, and manganese-superoxide dismutase (accession nos., GenInfo no., 11968118, 120707, 114523, and 56691, respectively) that were also identified by Western blot analysis (see Table 1 ). Six other proteins were found to immunoprecipitate from both heart homogenate and the mitochondrial fraction (Table 2) . Sixteen additional proteins were identified in either homogenate or the mitochondrial fraction. The absence of some of these proteins in the 2-DE experiment can be rationalized in part by the limitations of the 2-DE technique. For example, some proteins (accession nos., GenInfo no., 11024680, 27679580, 32189355, and 20302061) are characterized by very basic pI values (9.3, 9.2, 9.8, and 10.03, respectively); this often compromises resolution and identification via 2-DE.
DISCUSSION
The objective of the present study was to identify cardiac proteins in Fisher 344/BN F1 rats, which show an age-dependent increase in tyrosine nitration. We have chosen a widely established proteomic approach, i.e., 2-DE for protein separation (3) followed by sensitive protein identification by means of NSI-MS/MS (32) . Two-dimensional gels are robust and fairly reproducible, which makes them suitable for Western blot analysis and essentially provides another dimension to protein separation. In addition, we performed an immunoprecipitation experiment to confirm and/or complement the 2-DE results.
Earlier we demonstrated a fairly selective, age-dependent increase of protein nitration of rat skeletal muscle proteins (32) that are constantly exposed to NO and superoxide (50) during muscle contraction and relaxation. Likewise, cardiac proteins are exposed to periodic fluxes of endogenous NO, which controls cardiac muscle function (5, 69) and superoxide (50) . This creates conditions for formation of peroxynitrite through the diffusion-controlled reaction of NO with superoxide (41) . Therefore, the nitration of protein tyrosine residues even in young animals is not surprising. The important point is that nitrated proteins accumulate at a faster rate in old compared with young tissue. This may indicate a higher yield of nitrating species in old heart muscle or a reduced rate of protein turnover (or both). It is known that nitrated proteins are subject to proteasomal degradation (24) but also that proteasome activity declines with increasing age (13) .
Unlike some other reactive oxygen species (e.g., hydroxyl radicals, singlet oxygen), peroxynitrite has a considerable lifetime facilitating diffusion and selective reaction with specific target proteins (7, 8) . Consequently, the nitration of cardiac proteins is not only a function of the relative abundance. For example, Fig. 5A shows several highly abundant proteins identified by Coomassie blue staining that are not, however, recognized by the anti-3-NT antibody (see Fig. 5B ), which indicates the selective nature of protein nitration. On the other hand, certain spots on the Western blot show little response on the silver-or Coomassie blue-stained gels, which indicates insufficient yields of these proteins for MS analysis under the selected conditions. NSI-MS/MS analysis identified several proteins in 3-NTimmunoreactive, 2-D gel spots (see Tables 1 and 2 ). Most of these possibly nitrated proteins are important proteins involved in myocardial energy production, like glycolysis, the tricarboxylic acid (TCA) cycle, or ␤-oxidation of fatty acids. It is known that the activity of several of these proteins decreases during the aging process (34) . The modification of these proteins may in part be associated with an age-dependent decline in heart function such as an inability to increase output when confronted with sudden stress (52) owing to an inadequate energy supply.
As part of the glycolytic machinery, ␣-enolase-1, ␣-aldolase, and GAPDH were identified as targets for protein nitration. Enolase is a ubiquitous enzyme of which three highly homologous isozymes are expressed (44) . Enolase catalyzes the conversion of 2-phosphoglycerate into phosphoenolpyruvate in the glycolysis pathway. Increasing evidence links enolase-dependent pathways to several pathologies and oxidative stress. For example, enolase has been identified as a target for oxidation in bacteria (9, 63) and in Alzheimer's disease victims (10) and as a nitrated protein in aging skeletal muscle (32) , which provides a possible rationale for the observed disturbance in energy metabolism in pathologies or aging tissue.
Fructose-biphosphate aldolase catalyzes the hydrolysis of fructose-1,6-bisphosphate into two three-carbon products: dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. Evidence exists that this protein suffers nitration as the result of nitric oxide-induced inflammatory processes in the liver as well as exposure of rat retina to excessive light (4, 36) .
The last putatively identified glycolytic enzyme in this work is GAPDH. It catalyzes the NAD ϩ -dependent oxidation of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate and NADH in the second phase of glucose catabolism, which features the energy-yielding glycolytic reactions that produce ATP and NADH. The GAPDH reaction as well as the aldolase reaction is reversible, and the same enzymes catalyze the reverse reactions during gluconeogenesis. Although there is evidence that GAPDH undergoes nitration in vivo during inflammation (4) and aging in skeletal muscles (32) , other proteomic studies of brain cell cultures demonstrate nitrosation of GAPDH (30). 5 . A set of examples representative for the results of three to five independent experiments on protein nitration in whole rat heart and heart mitochondria. A: 2-DE separation and colloidal Coomassie blue staining of cardiac proteins (1,000 g) from 26-mo-old Fisher 344/BN F1 rats. Rat heart was homogenized, and cardiac proteins were extracted into lysis solution for 1 h at room temperature. Samples were focused on 18-cm, pH 3-10 NL IEF strips and separated on Excel Gel 12-14% second-dimension gels. B: Western blot analysis of cardiac proteins of 26-mo-old Fisher 344/BN F1 rat with the anti-3-NT antibody. Proteins (100 g) from Excel Gel (A) were transferred onto a PVDF membrane and assayed for 3-NT with the 1A6 monoclonal antibody. Detection was achieved by ECL. C: 2-DE separation and colloidal Coomassie blue staining of mitochondrial cardiac proteins (1,000 g) from 26-mo-old Fisher 344/BN F1 rats. D: Western blot analysis of mitochondrial cardiac proteins (100 g) of 26-mo-old Fisher 344/BN F1 rats with anti-3-NT antibody.
Mitochondrial proteins appear to be especially sensitive to NO-dependent modification (19) under conditions of acute oxidative stress during inflammatory processes or ischemiareperfusion (2); in these cases, protein 3-NT accumulation was shown to be a dynamic process undergoing enzymatic denitration and superoxide-and L-arginine-dependent renitration (2, 35) . The mitochondrial proteins identified in this work include aconitate hydratase (aconitase), which catalyzes the conversion of citrate to cis-aconitate and water. It is one of several mitochondrial enzymes known as non-heme-iron proteins that contain a redox-sensitive iron-sulfur cluster. Aconitate hydratase is highly sensitive toward reactive oxygen species; for example, superoxide exposure leads to enzyme inactivation (48, 49) . Our identification of aconitate hydratase as a target for age-dependent nitration is consistent with earlier results showing oxidative damage of this protein during biological aging (35) and loss of protein activity in the presence of peroxynitrite in vitro (11, 26) . Furthermore, it was demonstrated that this protein undergoes nitration in hearts of diabetic mice (64) .
ETF is a mitochondrial protein that contains a single equivalent of flavin adenine dinucleotide, which serves as a specific electron acceptor for several dehydrogenases. It transfers elec- (66) . d The presence of two proteins in one spot can be caused by comigration of these proteins, which is common in two-dimensional gel electrophoresis. Nonetheless, based on the molecular mass and isoelectric point (8.3 and 8.8 for ␣-aldolase and acetyl-CoA acetyltransferase, respectively) and our protein identification criteria (see text), both represent a valid assignment. 2-DE, two-dimensional gel electrophoresis.
trons to the main mitochondrial respiratory chain via ETFubiquinone oxidoreductase (51) . The 3-NT residue at position 105 is located in the ␣-subunit of this protein (belonging to domain I of the protein), which resides in between an ␣-helix and a ␤-sheet. Defects in ETF are responsible for causing the inherited metabolic disease glutaric acidemia type II. In this disease, electron transfer from nine primary flavoprotein dehydrogenases to the main respiratory chain is impaired (54) . Although not directly involved in binding the flavin adenine dinucleotide cofactor of ETF (51), introduction of 3-NT could destabilize the tertiary structure of domain I of this protein.
ATP synthase produces ATP from ADP and phosphate in the presence of a proton gradient across the membrane (36) . It contains several subunits, and the ␣-chain represents a regulatory subunit. During enzyme turnover, ATP synthase goes through a sequence of coordinated conformational changes of its major subunits (36) . It has been reported that this protein undergoes cysteine-targeted oxidation during renal oxidative stress (17) . Other evidence associates ATP synthase deficiency with oxidative stress as in Parkinson's disease (18) .
Although aconitase is involved in the early stages of the TCA cycle, malate dehydrogenase is the final enzyme of the TCA pathway oxidizing malate to oxaloacetate. The activity of malate dehydrogenase shows an age-related decline (31) , and age-dependent tyrosine nitration may provide a molecular rationale for this observation. Acetyl-CoA acyltransferase is involved in the degradation of fatty acids via ␤-oxidation, cleaving the ␣-␤ bond of the fatty acid chain, and acetyl-CoA acetyltranferase precursor plays an important role in the ketone body metabolism.
The voltage-dependent anion channel is located in the mitochondria. It supports the effective exchange of metabolites between mitochondria and cytoplasm and is essential for metabolic efficiency and physiological integrity (34, 65) . Our detection of age-dependent nitration of this protein is consistent with recent reports demonstrating its nitration in hearts of diabetic mouse models (64) . Because diabetes is accompanied by oxidative stress (53), it is not surprising to observe oxidative modification of the voltage-dependent anion channel during diabetes and natural biological aging.
Desmin represents a structural cytosolic protein. It plays an essential role in maintaining the structural and functional integrity of myocytes and is linked to several cardiac diseases including cardiac hypertrophy, ventricular dilatation, and congestive heart failure (68). In addition, desmin seems to be involved in intracellular arrangement and regulation of the mitochondria. Tyrosine nitration of desmin may constitute a potential molecular mechanism by which this protein is involved in these cardiac pathologies.
Some of the identified proteins perform an important role in energy metabolism of heart and offer a potential rationale for biological dysfunction (i.e., heart muscle becomes less able to propel large quantities of blood). The presence of nitrated proteins in young heart tissue can be explained by the inherent involvement of nitric oxide in the modulation of heart function and metabolism (69) . It has been recognized that some oxidized and nitrated proteins are subject to accelerated turnover (24, 59) , whereas others accumulate (23, 25) . Accumulation of specifically modified proteins may especially pose problems for an organism if such proteins are nonfunctional or show adverse effects. Our results show that only a subset of the heart proteome suffers the accumulation of 3-NT despite the fact that on average, proteins are composed of ϳ4% tyrosine residues relative to other amino acids (60) . This suggests that specific structural properties of the respective proteins and/or their cellular locations may be important parameters targeting them for nitration (23) .
Elevated levels of peroxynitrite caused by overexpression of inducible nitric oxide synthase in transgenetic mice leads to cardiac enlargement, conduction effects, and heart failure, Fig. 7 . SDS-PAGE separation and colloidal Coomassie blue detection of immunoprecipitated proteins from heart homogenate (lane 1) and mitochondria (lane 2); 6 mg of starting protein were used for both. Immunoprecipitation was achieved with an anti-3-NT monoclonal antibody conjugated to protein A agarose. Proteins identified are denoted with numbers that refer to the respective numbers in Tables 1 and 2 . No attempt was made to identify proteins with apparent molecular masses of 100 kDa and above. which constitute a cardiac phenotype that most elderly people experience (28) . The results presented here can partly explain the cardiac deficiencies associated with the process of natural aging and also support the notion of importance of oxidative stress in aging (6, 61) . The evidence for protein nitration in this work serves as a basis for the targeted isolation of the identified proteins for more detailed functional and biological analysis. Such strategies have, for example, shown the nitration of specific subunits of mitochondrial complexes III and IV (12) .
